The origin of supermassive black holes (SMBHs) that inhabit the centers of massive galaxies is largely unconstrained 1, 2 . Remnants from supermassive stars (SMSs) with masses around 10,000 solar masses provide the ideal seed candidates, known as direct collapse black holes [3] [4] [5] [6] . However, their very existence and formation environment in the early Universe are still under debate, with their supposed rarity further exacerbating the problem of modeling their ab-initio formation 7, 8 . SMS models have shown that rapid collapse, with an infall rate above a critical value, in metal-free haloes is a requirement for the formation of a proto-stellar core which will then form an SMS 9, 10 . Using a radiation hydrodynamics simulation of early galaxy formation 11, 12 , we show the natural emergence of metal-free haloes both massive enough, and with sufficiently high infall rates, to form an SMS. We find that haloes that are exposed to both a Lyman-Werner intensity of JLW ∼ 3 J21 * and that undergo at least one period of rapid growth early in their evolution are ideal cradles for SMS formation. This rapid growth induces substantial dynamical heating 13, 14 , amplifying the existing LymanWerner suppression originating from a group of young galaxies 20 kiloparsecs away. Our results strongly indicate that structure formation dynamics, rather than a critical Lyman-Werner (LW) flux, may be the main driver of massive black hole formation in the early Universe. We find that massive black hole seeds may be much more common in overdense regions of the early Universe than previously considered with a comoving number density up to 10 −3 Mpc −3 . Standard cold dark matter cosmologies predict large-scale structure forms hierarchically. Smaller objects forming at early times subsequently merge and grow into larger objects. The existence of SMBHs 15, 16 with masses around 10 9 M (M , solar mass) only 800 Myr after the Big Bang indicate that there must have been an early intense convergence of mass in rare locations.
The origin of supermassive black holes (SMBHs) that inhabit the centers of massive galaxies is largely unconstrained 1, 2 . Remnants from supermassive stars (SMSs) with masses around 10,000 solar masses provide the ideal seed candidates, known as direct collapse black holes [3] [4] [5] [6] . However, their very existence and formation environment in the early Universe are still under debate, with their supposed rarity further exacerbating the problem of modeling their ab-initio formation 7, 8 . SMS models have shown that rapid collapse, with an infall rate above a critical value, in metal-free haloes is a requirement for the formation of a proto-stellar core which will then form an SMS 9, 10 . Using a radiation hydrodynamics simulation of early galaxy formation 11, 12 , we show the natural emergence of metal-free haloes both massive enough, and with sufficiently high infall rates, to form an SMS. We find that haloes that are exposed to both a Lyman-Werner intensity of JLW ∼ 3 J21 * and that undergo at least one period of rapid growth early in their evolution are ideal cradles for SMS formation. This rapid growth induces substantial dynamical heating 13, 14 , amplifying the existing LymanWerner suppression originating from a group of young galaxies 20 kiloparsecs away. Our results strongly indicate that structure formation dynamics, rather than a critical Lyman-Werner (LW) flux, may be the main driver of massive black hole formation in the early Universe. We find that massive black hole seeds may be much more common in overdense regions of the early Universe than previously considered with a comoving number density up to 10 −3 Mpc −3 . Standard cold dark matter cosmologies predict large-scale structure forms hierarchically. Smaller objects forming at early times subsequently merge and grow into larger objects. The existence of SMBHs 15, 16 with masses around 10 9 M (M , solar mass) only 800 Myr after the Big Bang indicate that there must have been an early intense convergence of mass in rare locations.
We performed a suite of cosmological radiation hydrodynamics simulations (named Renaissance; see Methods) to elucidate the formation of the first generations of stars and galaxies in the Universe 11, 12 with the code ENZO 17 . It includes models for the formation of massive metal-free (Population III; Pop III) stars and subsequent metal-enriched stars not unlike ones found in the Galaxy. We follow the impact of their ionizing radiation 18 galaxies first assemble, both of which play an important role in regulating early galaxy formation. Motivated by possible early SMS formation, we analyze the region from the Renaissance Simulation suite that is centered on the densest cosmological volume of 133.6 comoving Mpc 3 and contains 822 galaxies at its ending redshift of z = 15 (270 Myr after the Big Bang). We identify candidate SMS host haloes by searching the simulation for metal-free atomic cooling haloes without prior star formation at z = 15. We place no constraints on the level of LW flux impacting the haloes. There are 670 atomic cooling haloes, ten of which are metalfree and have not hosted prior star formation (see Extended Data Table  1 ). The remaining atomic cooling haloes have formed stars prompted by either H2 or metal line cooling and are not conducive for SMS (and subsequent direct collapse black hole) formation. Out of these ten haloes, we concentrate on two "target" haloes-the most massive halo (MMH) and, separately, the most irradiated halo (LWH)-in this study. We resample their mass distributions at z = 20 at a mass resolution higher by a factor of 169 and resimulate them to study their gravitational collapse in more detail.
Both haloes assemble in a region 10-25 kpc away from a group of young galaxies that have photo-ionized, photo-heated, and chemically enriched their adjacent environments ( Fig. 1) . At z = 18, the young galaxies near the MMH (Fig. 1a through 1d) have created an amorphous H II region with a maximum extent of 20 kpc. As the star formation rates grow in these young (massive) galaxies, the LW intensities increase from JLW 1 J21 at z = 18 within 5 physical kpc of the galaxies to 30 J21 at z = 15. The only other source of LW radiation comes from four nearby haloes hosting Pop III stars, 3-5 kpc from the LWH. Both target haloes are impacted by a LW intensity JLW 3 J21 at z = 15 (Fig. 1d, 1h ). This total flux impinging on the target haloes is 6-600 times lower than previous critical estimates for SMS formation [19] [20] [21] .
The metal-enriched regions around these galaxy congregations only reach a distance of 5 kpc, far from the target haloes. These heavy elements originate from both their Pop III progenitors and ongoing star formation in the galaxies. Over the next 60 Myr, the ionizing radiation from the young growing galaxies near both target haloes extends the H II regions to nearly 40 kpc in radius, evident in Fig. 1 . This leaves the vast majority of the intergalactic medium and associated collapsed haloes chemically pristine but nonetheless bathed in LW radiation, helping to prevent Pop III star formation.
During the halo assembly process (Fig. 2a) , the LW intensity increases from 0.3 J21 to 3 J21 at z = 15 ( Fig. 2b ), corresponding to a minimum halo mass Mcrit 3 × 10 6 M that can support H2 cooling 22 and primordial star formation. However, the MMH (LWH) gravitationally collapse only after they reach the atomic cooling limit at z = 16.4 (15. 3), having masses of 2.6(5.8) × 10 7 M , an order of magnitude above Mcrit. Upon closer inspection, we find that both target haloes experience a period of intense growth in mass (Fig 2a) . The MMH grows by a factor of 30 over 30 Myr (z = 21−19) as it virializes. The LWH experiences two rapid growth events. It first increases from 2 × 10 5 M to 3 × 10 6 M between z = 19 − 18 (15 Myr), at which point its mass fluctuates just above Mcrit. At redshift z = 15.8, it then dramatically grows by a factor of nine within a span of 10 Myr. Most of the accreted matter originates from the parent filament, a major merger, and several minor halo mergers. The currently standard cold dark matter paradigm has this unique prediction of intense matter convergence below the atomic cooling limit and is not present in cosmologies that suppress power below this scale. Nevertheless it is rare, only occurring in ∼3 × 10 −4 of haloes (see Methods) with similar masses and existing in an overdense large-scale environment.
Gas within these growing haloes is dynamically heated as it strives for virial equilibrium, whose heating rate is linearly proportional to the halo mass growth rate 13 . Dynamical heating is only important when gas cooling is inefficient, particularly in rapidly growing low-mass haloes. In combination with the LW negative feedback, it can further suppress any attempt at collapse. Both target haloes sustain substantial dynamical heating during their rapid growth events, driven primarily through major mergers. We find that they are the dominant mechanism for preventing Pop III star formation in these haloes.
The simulations follow the evolution of the target haloes until a density of 10 −15 g cm −3 , at which point it is certain that a collapsed object will form (see Supplementary Videos). Both haloes form a gravitationally unstable core with a mass and radius of 30,000 (200,000) M and 3 (15) pc for the MMH (LWH), respectively. The MMH grows gradually after its rapid growth event, allowing the system to form a rotationally supported disk that is comparatively cold at 300 K to the surrounding 10,000 K gas. The medium within the cold disk is turbulent, which causes numerous weak shocks (Fig. 3d) . The disk then fragments into three clumps (Fig. 3a, 3b) , as thermal and rotational support cannot counteract their gravitational forces (see Methods), all of which proceed to collapse. The morphology of the LWH is completely different from the MMH because of a recent major merger. The collision causes a sheet-like overdensity (Fig. 3e ) that cools to 300 K, becoming gravitationally unstable to fragmentation. A single clump fragments from the sheet (Fig. 3f) and undergoes a catastrophic collapse. All clumps in both target haloes have masses around 1000 M .
The radial profiles of the gas density (Fig. 4a) generally follow a power-law with a slope of -2 that is expected for an isothermal collapse, which can be translated into a gas mass enclosed (Fig. 4b) . Deviations from a power-law originate from the two other clumps in the MMH, seen as spikes around 1 pc, and the sheet-like structure in the LWH, seen as an inflection point around 1 pc. The gas inside the Jeans mass (marked with squares) becomes shielded from the extragalactic LW background, allowing for the H2 fraction to increase to 10 −3 , sufficient to cool the gas down to 300 K (Fig. 4c) . Inside a radial mass coordinate of 1000 M , adiabatic compression heats the gaseous core to 600-800 K.
The key indicator for SMS formation is rapid gas inflow onto the gravitationally unstable core, not the overall Jeans mass. It has been shown that accretion rates over ∼0.04 M yr −1 onto a nascent, central core will result in SMS formation 9, 23 . Their weak hydrogen ionizing luminosities cannot reverse these strong gas flows 24, 25 . The respective infall mass fluxes (Fig. 4d) Figure 2 | Target halo mass growth histories. The evolution of the metal-free atomic cooling halo with the highest mass (orange) and highest Lyman-Werner flux (blue). a, Halo mass (solid) compared with the minimum mass for H 2 cooling (dashed) and atomic cooling (dotted). The circles indicate when the haloes experience gravitational collapse into a massive black hole. The MMH grows smoothly and has a growth history more typical of an atomic cooling halo. In contrast, the LWH undergoes rapid growth just before collapse, growing by a factor of six within 10 million years. b, Lyman-Werner flux at the densest point in units of J 21 that is increasing from the nearby growing group of young galaxies a distance of 10-15 kpc.
SMS formation. This ample supply of inflowing gas provides fuel for the clumps within the central unstable object. The infall rates onto the clumps (Extended Data Fig. 7a ) are between 0.03 and 0.08 M yr −1 at their boundaries but increase rapidly to ∼0.5 M yr −1 at a radial mass coordinate of 10,000 M , suggesting that cores continue to grow rapidly after the final snapshot of our simulation for 1 Myr, similar to the typical SMS lifetime (Extended Data Fig. 7b ). We thus conclude that the two target haloes will host SMS formation, and subsequently, a direct collapse black hole (DCBH) with an initial seed mass at least 1,000 M and perhaps up to 10,000 M within 1 Myr.
Using the formation requirements previously discussed, we can estimate (see Methods) the DCBH formation rate per comoving volume to be 1.1
SMSs per comoving Mpc −3 (68% confidence interval) that form through this new formation scenario in overdense regions of the Universe. Given that only 0.01-0.1% of the universe is in such an overdense region, the global number density of DCBH formation is predicted to be 10 −7 − 10 −6 per comoving Mpc −3 , 100-1000 times higher than other estimates 26 .
SMSs and thus DCBHs forming in rapidly growing haloes, as proposed here, will be tens of kpc away from the large-scale overdensity. They will take hundreds of Myrs, a substantial fraction of the Universe's age at z > 6, to fall into the nearby group of galaxies. We predict that these DCBHs will evolve to form the population of faint quasars observed at z ∼ 6 (ref. 27, 28) . This population will be within the reach of the James Webb Space Telescope that will provide stringent constraints on their number densities, directly comparable to our results here. 29 and plotting library matplotlib was used to construct numerous plots within this paper. Computations described in this work were performed using the publicly-available ENZO code, which is the product of a collaborative effort of many independent scientists from numerous institutions around the world.
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METHODS Cosmological simulation of early galaxy formation. The
Renaissance Simulations were carried out using the open source adaptive mesh refinement code ENZO 17 , a physics rich, highly adaptive code that has been well tuned for high-redshift structure formation simulations 11, [30] [31] [32] . The Renaissance Simulations have been well-detailed previously in the literature 11, 12, [33] [34] [35] [36] [37] , and here we only summarize the simulation characteristics relevant to this study. All of the Renaissance simulations were carried out in a comoving volume of (40 Mpc) 3 . We set the cosmological parameters using the 7-year WMAP ΛCDM+SZ+LENS best fit 38 : Ω m = 0.266, Ω Λ = 0.734, Ω b = 0.0449, h = 0.71, σ 8 = 0.81 and n = 0.963. The simulations were initially run until a redshift z = 6 at relatively coarse resolution with 512 3 particles each with a mass of 1.7 × 10 7 M . Three regions of interest were then selected for re-simulation at much higher refinementnamely a rare-peak region, a normal region and a void region. The rare-peak region has a comoving volume of 133.6 Mpc 3 , whereas the normal and void regions each have comoving volumes of 220.5 Mpc 3 . In this study, we focus on the rare-peak simulation, which was selected by extracting the Lagrangian region centered on two 3 × 10 10 M haloes at z = 6, the most massive at that time. The dimensions of the rare-peak region were set at 5.2 × 7.0 × 8.3 Mpc 3 . The simulation was re-initialized using MUSIC 39 with a further three nested grids centered on the rare-peak region. This led to an effective resolution of 4096 3 and a dark matter particle resolution of 2.9 × 10 4 M within the highest refinement region. During the course of the simulation further adaptive refinement is allowed within the refinement zone (i.e. the Lagrangian region of the rare-peak) up to a maximum level of 12 leading to a maximum spatial resolution of 19 comoving pc (1.2 proper pc at z = 15). The simulation was halted at a final redshift z = 15 due to the high computational expense. The halo mass function is well-resolved down to 2 × 10 6 M with 70 particles per halo 12 , and at the ending redshift, the simulations contained 822 galaxies having at least 1,000 particles (M halo 2.9 × 10 7 M ). We follow the ionization states of hydrogen and helium with a 9-species primordial non-equilibrium chemistry and cooling network 40 , supplemented by metal-dependent cooling tables 41 . Dark matter halo catalogs and the associated merger trees were created with ROCKSTAR 42 and CONSISTENT-TREES 43 , respectively.
Star formation and feedback. The Renaissance Simulations include both self-consistent Pop III and metal-enriched star formation at the maximum refinement level. The simulation captures star formation in haloes as small as 3 × 10 6 M (ref. 33) . Pop III star formation occurs when a cell meets all of the following criteria:
• An overdensity of 5 × 10 5 (∼ 10 3 cm −3 at z = 10)
• A converging gas flow (∇ · v gas < 0)
• A molecular hydrogen fraction f H2 > 5 × 10
These physical conditions are typical of collapsing metal-free molecular clouds ∼ 10 Myr before the birth of a Pop III main sequence star 30 . In this scenario, each star particle within the simulation represents a single star. Population III star formation occurs if the metallicity is less than 10 −4 of the solar fraction in the highest density cell with metal-enriched star formation proceeding otherwise. Pop III star formation furthermore requires that the H 2 fraction is greater than 5×10 −4 . This takes into account the fact that star formation should not proceed in the presence of a strong Lyman-Werner (LW) radiation field. The functional form of the IMF and supernovae feedback are calibrated 44 against high-resolution Pop III star formation simulations, stellar evolution models, and observations and models of star formation in local molecular clouds. Stellar feedback uses the MORAY radiative transport framework 18 for ionizing photons. LW radiation that dissociates H 2 is modeled using an optically thin, inverse square law profile, centered on all star particles. We do not include any H 2 self-shielding, which only becomes important at high densities. In particular, DCBH host halo candidates only shield themselves from a background at scales below 3 pc 45 , which is close to our resolution limit. A LW background radiation field is also included to model radiation from stars which are not within the simulation volume 44 that is added to the spatially varying LW radiation field created by stars inside the volume. In the high density region of the rare-peak simulation the LW radiation from stars dominates over the background. Although we cannot follow Pop III star formation in haloes below 3 × 10 6 M , it is suppressed by the LW background in such haloes 22, 46, 47 and also by baryonic streaming velocities in certain regions 26, 48 . Thus, we are confident that our simulation follows the complete star formation history of all collapsed structure, and thus the metal-enrichment history of pre-galactic gas that is vital to determine the conditions for DCBH formation.
Direct-collapse black holes. The star formation and feedback models do not include a DCBH formation model but consider the appropriate astrophysical processes to ascertain the chemical and thermal state of all collapsed objects resolved by the simulation, essential for searching for candidate DCBH formation sites. Also critical to any DCBH formation scenario is the inclusion of Population III star formation and its supernova feedback that generally enriches typical pre-galactic material with heavy elements. The emergence of a DCBH/SMS environment is therefore a robust prediction of the Renaissance simulations. The dark matter resolution in the original Renaissance Simulations is not sufficient to follow the detailed collapse of these objects 49 , however the resimulations (see next section) of the target haloes have an ultimate mass and spatial resolution of 103 M and 60 AU, allowing us to accurately follow the dynamics of the collapsing halo and determine whether their gas infall rates are large enough to support SMS and thus DCBH formation.
High-resolution simulations of target haloes. After identifying the candidate haloes in the Renaissance Simulations, we resimulate the two target haloes at higher mass and spatial resolution, starting at a redshift z = 20. We first identify the dark matter particles within three virial radii of the target haloes at the final redshift z = 15. Using their unique particle identifiers, we determine their positions at z = 20 and split their mass equally into 13 particles. Twelve of child particles are placed at the 12 vertices of a hexagonal close packed array, and the remaining particle is placed at the original particle position 50 . We recursively split the particles twice, decreasing the dark matter particle mass by a factor of 13 2 to 103 M in the Lagrangian region of the target haloes. This method of particle splitting is widely used in high-resolution cosmological simulations 49, [51] [52] [53] , however this method may induce artificial smoothing of the density field 54 and does not add additional small-scale power to the matter distribution.
The Renaissance Simulations show that the target haloes remain metalfree and are not exposed to any ionizing radiation. Their thermodynamic evolution and collapse are thus primarily controlled by the halo growth history and the impinging LW flux. With these priors, we can safely neglect star formation and feedback, focusing on the dynamics of their collapse. We impose a uniform LW radiation background that is time-dependent and is taken from the flux measured at the center of the most massive progenitor halo in the original simulation (see Fig. 2b ). Spatial deviations from this value are less than a few percent within the Lagrangian region and does not affect the thermodynamics of the gas.
In addition to the increased mass resolution, we increase the spatial resolution by resolving the local Jeans length by at least 16 cells, whereas the original simulation did not have enough mass resolution to enforce such a refinement criterion. We use this initial resimulation to identify the time of collapse. We then restart the simulations a free-fall time (approximately 20 Myr) before the collapse time, further increasing the spatial resolution so that the Jeans length is resolved by at least 64 cells. Computational limitations restrict us from running at such high resolution for the entirety of the resimulation, thus we only increase the resolution during the final stages of the collapse. We also include H 2 self-shielding of the LW radiation field during this final resimulation 55 and compute the primordial cooling rates with the software library GRACKLE 56 . We enforce a maximum refinement level of 24, corresponding to a comoving (physical at z = 15) resolution A halo conducive for SMS formation must grow to the atomic cooling limit (2.2 × 10 7 M at redshift 15; orange dotted line) without hosting star formation or being chemically enriched from nearby galaxies. Haloes with masses below minimum mass M min,LW (dashed green line) are suppressed by an external Lyman-Werner radiation field. Above this mass, haloes with sufficient dynamical heating to suppress radiative cooling grow above a critical rate (Eq. 2), which are shown for H 2 number fractions of 10 −4 (blue solid line), 10 −5 (orange solid line), and 10 −6 (green solid line). The simulated growth rates of the MMH (circles) and LWH (triangles) are above the 10 −6 rate once it passes M min,LW . Above a halo mass of 8 × 10
6 M (a virial temperature of 8000 K at redshift 15), dynamical heating will not suppress cooling as the atomic radiative cooling rates are several orders of magnitude higher than molecular ones. Both halos rapidly grow to M min,LW that causes dynamical heating, preventing collapse for a sound-crossing time. The LWH grows from 8 × 10 6 M to the atomic cooling limit within a dynamical time of the central core. Both conditions set a critical growth rate (thick solid gray lines). All other atomic cooling haloes (gray points) have similar growth rates between halo masses of M min,LW and 8 × 10
6 M but far short of this critical growth rate. Nearly all of these haloes cool and form stars before reaching the atomic cooling threshold.
of 960 AU (60 AU). We stop the resimulations once they reach this maximum refinement level. We smooth the dark matter density field at scales below 9.5 comoving pc (0.6 physical pc at z = 15; refinement level 13). At these scales, the gas density dominates the matter density, and by smoothing the dark matter density, we remove any artifacts associated with the discrete representation of the dark matter mass distribution 30 .
Dynamical heating. For a halo to potentially host a SMS/DCBH, it must grow to the atomic cooling limit without forming stars or being chemically enriched, thus any efficient cooling must be suppressed. LW radiation can suppress H 2 formation, and dynamical heating can counteract any H 2 cooling in low-mass haloes. The dynamical heating rate 13 is given by
where α is a coefficient 57 relating the halo virial mass and temperature (T halo = αM 2/3 halo ), M halo is the total halo mass, k B is the Boltzmann constant, and γ = 5/3 is the adiabatic index. This process is only relevant when radiative cooling rates Λ(T halo ) per hydrogen atom have similar values. Below the atomic cooling limit, chemically primordial haloes rely on the inefficient coolant H 2 to collapse and form stars. Radiative cooling will thus be suppressed when Γ dyn > nΛ, where n is the hydrogen number density. Given this inequality, this sets a critical halo growth rate 13
above which cooling is suppressed. Extended Data Fig. 1 compares the critical growth rates (colored lines) for three different H 2 fractions, using Eq. 2, and the growth rates of the two target haloes (circles and triangles). We calculate the primordial cooling rate Λ(T ) for each H 2 fraction with GRACKLE 56 . Typical H 2 number fractions f H2 in the target halo centers prior to collapse are between 10 −5 and 10 −6 . Absent of any dynamical heating, haloes can cool and collapse through H 2 once they reach a critical mass 22 
shown as the dashed vertical line for J LW = 1 J 21 , the intensity at both target haloes when they have such a mass. Atomic hydrogen cooling becomes dominant over molecular cooling at T 7000 K (corresponding to a halo mass of 6 × 10 6 M at z = 15), indicated by the sharp rise in the critical curves, after which dynamical heating becomes unimportant in the target haloes. In any chemically pristine halo unaffected by ionizing radiation, gravitational collapse ensues above this mass within a freefall timescale. Models of SMS formation require infall rates above ∼0.04 M yr −1 that are only driven by deep gravitational potentials of atomic cooling haloes, whose mass is shown as the dotted vertical line at a mass of 2.2 × 10 7 M [(1 + z)/16] −3/2 . Both the MMH and LWH rapidly assemble as it virializes, initially growing at a rate (-dM/dz) of (1 − 3) × 10 6 M (per unit redshift) when it has a mass M ≤ 10 6 M . Although H 2 formation is photo-suppressed at these low masses, dynamical heating is present in these early rapid periods of growth and have lasting effects on the halo gas. The infalling gas shocks near the halo center, heating the halo to the virial temperature. Only after a sound-crossing time, the halo comes into virial equilibrium. This takes 30 Myr for a 3 × 10 6 M halo (150 pc radius) and a sound speed of 10 km/s.
As the haloes equilibrate, they continue to grow but at a reduced rate, however still above the critical f H2 = 10 −6 curve until a mass of 6 × 10 6 M . The MMH accretes at a near constant rate of 3 × 10 6 M (per unit redshift) with a peak rate of 7 × 10 6 M (per unit redshift) at M = 2 × 10 6 M . The LWH growth rate fluctuates between 10 6 and 10 7 M
, typical of haloes compressed adiabatically 58 . As shown in Fig. 2 , the MMH undergoes one rapid growth event, starting at 2 × 10 5 M at z = 21 as it viralizes and occuring before H 2 cooling becomes efficient (and hence before the local LW flux becomes important). The rapid infall creates a shock near its center, heating the halo gas over a sound-crossing time of 30 Myr. The halo gas stabilizes after this event, and then it collapses on a free-fall time t ff = 3π/32Gρ 20 Myr, where ρ 10 −23 g cm −3 is the maximum gas density before collapse. After the rapid growth halts, the halo must grow to the atomic cooling limit within 50 Myr, the sum of the sound-crossing time and free-fall time. Otherwise, it will collapse when atomic cooling is not efficient, and it will cool through H 2 and fragment into more typical Population III star formation. It collapses at z = 16.4 when its mass is just above the atomic cooling limit. There exists 75 Myr between these two redshifts, leaving 25 Myr for early rapid growth. Given that halo masses increase exponentially 59 , i.e. dM/dz ∝ αM with M (z) ∝ e αz , we can estimate a critical growth rate in those first 25 Myr, shown as a left thick gray line in Extended Data Fig. 1 , using the mass difference between z = 21 − 19.2 (25 Myr) when it grows to 3 × 10 6 M . The LWH experiences two rapid growth episodes, where the first one is similar to the MMH. Afterwards, its mass hovers just above the critical value M crit for efficient H 2 cooling. The later growth spurt occurs just before it starts to cool atomically, seen by the increase in (-dM/dz) to greater than 3 × 10 7 M . The associated dynamical heating delays the collapse of the LWH until its mass is 5.8 × 10 7 M , twice the atomic cooling limit. In general for dynamical heating to suppress metal-free star formation, halo growth must be rapid from the H 2 cooling limit to the atomic cooling limit. More specifically, it must happen faster than a free-fall time (20 Myr) . This sets another, more general, critical growth rate between these two halo mass regions, using the same approach as before. It is shown as the thick gray line between the green f H2 = 10 −6 critical curve and the atomic cooling limit. Any halo that grows faster than this rate will have its gravitational potential deepen faster than it can collapse, making it more likely to support strong radial inflows, conducive for SMS formation.
Gravitational collapse of the central core. After reaching the atomic cooling threshold, the gas begins to cool rapidly and (dynamical) heating mechanisms are suppressed. Above a temperature of approximately 8000 K, radiative cooling of neutral hydrogen sets an upper limit to the temperature of the halo inside the virial radius, inducing a rapid increase in density and ultimately gravitational collapse. Extended Data Fig. 2 shows the ratio of the enclosed mass, M enc , and the Jeans mass, M J , against the enclosed gas mass. For gravitational collapse to take hold, the gas inside the collapsing core must exceed the Jeans mass of the gas. In Extended Data Fig. 2 , any lines entering the shaded region are unstable to gravitational collapse. For the MMH, the core of the halo first becomes unstable with an enclosed mass approximately 3×10 4 M -marked by an orange circle. As the halo grows in mass, the region grows to almost 10 5 M by the end of the simulation, which is gravitationally unstable and in principal also subject to fragmentation. The LWH first crosses into a region of instability with an enclosed mass of greater than 10 5 M , and by the end of the simulation, the central region of almost 10 6 M has become unstable to gravitational collapse. Support within the collapsing core. As the core regions of both haloes start to undergo gravitational collapse, as outlined above, both thermal, turbulent, and rotational support will act to counteract the gravitational collapse. If there is sufficient gas support, the gravitational collapse can be suppressed even though the Jeans mass has been breached. Extended Data Fig. 3 shows both the thermal and turbulent sound speeds as a function of enclosed mass. The thermal sound speed is calculated in the usual way as
where c s is the sound speed, γ is the adiabatic index, k B is the Boltzmann constant, T is the temperature, µ is the mean molecular weight and m H is the hydrogen mass. In calculating the total pressure support of the gas, the impact of the turbulent velocity field must also be considered. We calculate the root mean squared turbulent velocities of the gas by subtracting the bulk gas velocity from the velocity field. We compute the bulk velocity as the velocity of the native computational cells averaged over a spherical 32
3 grid that has cell widths much coarser than the simulation data. It has an outer radius equal to the virial radius, equally spaced angular bins, and equally logspaced radial bins. We then approximate the bulk velocity of each native cell with the value of the spherical grid cell that contains the native cell center.
The turbulent and thermal components act together to support the gas against collapse and create an effective sound speed, c In Extended Data Fig. 3 , we see that the infall speed always exceeds the effective sound speed at some enclosed mass, indicating that, at this scale, the thermal and turbulent support cannot support the gas against gravitational collapse. For the MMH, the infall speed exceeds the effective sound speed at approximately 10 5 M . This behavior is similar to the scale at which the gas also becomes Jeans unstable, and so we define the collapsing core radius to be equal to this scale. For the LWH, the gas provides little or no thermal or turbulent support, and the gas is free to collapse on approximately the freefall timescale.
Interestingly in both cases, the radial inflow becomes transonic at scales between 10 3 M and 10 4 M . This indicates that at mass scales greater than approximately 10 3 M any fragments are thermally and/or turbulently supported, and we do not expect fragmentation of the gas cloud below this scale. Any protostars forming within these clouds would have most of the gas contained in the fragment available for accretion. We will examine more closely the possible fragmentation of the outer core into gas clouds in the next subsection.
Extended Data Fig. 4 shows the rotational support provided by the gas against gravitational collapse. The rotational velocity of the gas is calculated by |j|/a 1 , the ratio of the specific angular momentum |j| of the gas and the largest eigenvalue a 1 of the inertia tensor, corresponding to the largest axis of the system 60 . The center of these profiles are taken to be the maximum gas density, consistent with the rest of our analysis. We compare this rotational velocity against the Keplerian velocity v Kep = GM/r. The regions where the rotational velocity exceeds the Keplerian velocity are shaded and indicate regions of rotational support. The rotationally supported region in the MMH extends from 2,000 to 330,000 M . For the LWH, the region of rotational support is significantly smaller spanning only from 7,000 to 60,000 M . The rotational velocities within 100 M are not well defined because the separation between the densest gas parcel and rotation center becomes comparable to the radius (0.02 pc) enclosing 100 M . We thus do not consider them to be rotationally supported from this analysis. The (disklike) regions of rotational support are nonetheless unstable to fragmentation and as we will see fragmentation of the disk does occur in the MMH.
Fragmentation of the collapsing core into gas clouds. As the cloud collapses, cooling instabilities can cause the gas to fragment into selfgravitating clumps. Such fragmentation can be stabilized by thermal pressure or centrifugal forces that can quantified by the Toomre parameter,
The system is stable if Q > 1. Here Σ is the gas surface density, and the epicyclic frequency κ is directly calculated from the data as
where Ω = v rot /r is the angular velocity, and r is the radius in cylindrical coordinates with the z-axis aligned with the total angular momentum vector of the Jeans unstable gas cloud. These expressions assume an axisymmetric object. However, the collapsed objects in both haloes have non-ideal geometries. It is thus beneficial to consider a local measure of stability 26 Q local Ω ) parsecs, centered on the densest point and aligned to be perpendicular with the angular momentum vector of the disk. A value greater than one indicates that rotation and internal pressure stabilizes regions against fragmentation into smaller self-gravitating objects. In the MMH, this analysis highlights the clump fragments with the filaments being only marginally stable at Q ∼ 1. The sheet in the LWH formed from a preceding major halo merger is apparent in this measure. The bulk of the sheet is only marginally stable with the edge and collapsing center containing an environment conducive toward fragmentation.
that can identify unstable regions with arbitrary geometries. Extended Data Fig. 5 shows Q local for both haloes in fields of view of 20 and 4 pc. In the MMH, the disk-like object is marginally stable in the spiral overdensities (panel a). Within those arms, there exists three clumps that have fragmented (panel b) and started to collapse. In the LWH, the overdense sheet-like object, which is induced by a major merger, is unstable to fragmentation in many regions and marginally stable in the remainder of the object. However, their collapse times are spread out, resulting in only one (the first) clump to fragment out of the overdense sheet by the end of the simulation.
Extended Data Fig. 6a shows the Toomre Q parameter as a function of cylindrical radius, where we have aligned the cylindrical z-axis with the total angular momentum vector of the inner 10 pc. We compare it with the effective Toomre Q parameter Q eff , where we substitute c s with c eff to include any turbulent pressure support in the stability analysis. When only considering rotational support as a counterbalance to gravitational collapse, the MMH and LWH are unstable (Q < 1) within a radius of three and eight pc, respectively. As we have shown earlier, turbulent pressures are comparable to thermal pressures, and this additional support stabilizes the rotating system against fragmentation (Q eff > 1) outside 0.8 and 0.1 pc in the MMH and LWH. The LWH is also susceptible to fragmentation at radii of 0.8 and 2 pc, where Q eff becomes slightly less than unity.
From the dispersion relation
that is used to calculate the growth perturbations in a gaseous disk, the asso- A rotating system will only fragment into self-gravitating clumps when their growth rates are faster than the collapse timescale. a, Cylindrical radial profiles of the Toomre Q parameter when considering only thermal support (red) and with thermal and turbulent support (blue) for the MMH (dashed) and LWH (solid). The shaded region indicates where the system is unstable to fragmentation. b, The unstable regions have a characteristic growth rate, defining a growth timescale t grow , showing an increasing trend with radius for the MMH (orange) and LWH (green). c, If the ratio of t grow and the free-fall time t ff is less than one, the region can fragment before it gravitationally collapses. In the MMH, this condition is true at radii less than 0.03 parsecs, indicating that small-scale fragmentation might occur but will be suppressed subsequently by a rapid monolithic collapse. The LWH exhibits this feature inside 0.1 parsecs but is surrounded by gas that is stable against fragmentation.
ciated maximum growth rate 61 of a perturbation is given by
that occurs at k max = κ/c eff Q. Here k is the wavenumber, and w g is the growth rate. We define the growth time t grow ≡ 1/w max where Q eff < 1 (Extended Data Fig. 6b ). For such a perturbation to form before the system collapses, the growth time must be smaller than a free-fall time (Extended Data Fig. 6c ), i.e. t grow /t ff < 1. For the MMH, this condition is valid for radii smaller than 0.03 pc, corresponding to 100 M of enclosed gas mass. Between this radius and 1 pc, the system is unstable to fragmentation, but it is collapsing faster than it can fragment. This analysis is centered on the densest point, contained in one of the clumps. This indicates that any fragmentation at small scales will be surrounded by a monolithic rapid collapse, most likely suppressing further fragmentation as this matter falls inward. The two other clumps in the MMH form about 1 pc away. Because we compute these quantities within cylindrical shells, the clumps with small Q local (see Extended Data Fig. 5 ) are averaged out. Once they fragment, they begin to gravitationally collapse. In the LWH, fragmentation can occur before collapse inside a radius of 0.1 pc. Here a single clump fragments from the sheet-like overdensity, produced by a recent major merger, with a radius of ∼1 pc, which collapses faster than it can fragment at this length scale. This analysis shows that turbulence plays a role in providing additional stabilization against fragmentation. The suppression of fragmentation allows for only a few clumps, at most, to form in the collapsing system before the most dense clump collapses on the order of its free-fall time, t ff ∼ 5,000 yr. This behavior allows for the rapid infall to be concentrated on these few clumps, strengthening the case of SMS formation. Given that the system is unstable to fragmentation, we search for selfgravitating clouds with the clump finder provided with the analysis toolkit yt 29 . We search for clumps that are gravitationally bound and have a minimum of 20 cells, where clumps are defined as topologically connected sets of cells and form a hierarchical set of objects. Because the LWH only has one clump that contains the densest point, we only perform this analysis on the MMH. We identify three clumps that are also visible in the density projections (Fig. 3b) . Below we have defined t as the time before collapse, where t = 0 is a free-fall time after the final simulation output of the maximum density. The three clumps are orbiting in the disk, located 1-2 pc from the rotational center, where there is no local density maximum present.
• Clump 1 contains the densest point in the simulation, and the projections ( Fig. 3; Extended Data Fig. 5 ) and global radial profiles ( Fig.  4 ; Extended Data Fig. 2, 3 , 4, 6) are centered on it. Its mass initially fluctuates between 200 and 600 M at t = 30 − 70 kyr as two clumps orbit each other, changing between topologically connected and disconnected in the process. Their separation decays as energy is dissipated during their close encounters, eventually merging into a single clump at t = 25 kyr. It grows to a mass of 790 M and is located 1.2 pc from the rotational center at the final time.
• Clump 2 is an elongated object that steadily grows in mass from 200 to 840 M , orbiting at a distance of 1.8 pc, located above the Clump 1 in the projections.
• Clump 3 initially has a mass of 770 M , orbiting at a distance of 2.2 pc, located in the upper-right of the projections. At t = 50 kyr, it merges with another clump, increasing its mass from 950 to 1400 M . The change in its distance from the rotation center is associated with the change in its center of mass after the merger. It grows very little afterwards to a final mass of 1500 M , while it migrates outward from 1.6 to 1.9 pc.
As the clumps evolve, they do not migrate inwards toward the disk center, suggesting that mergers are not imminent between these three clumps. This strengthens the argument for 3 separate sites of SMS formation and potentially DCBH formation. Such systems may be detectable in the future through gravitational waves 62 .
Collapse characteristics of the fragments. We now examine the accretion rates and thermal support of the clumps that form in both the MMH and LWH. In Extended Data Fig. 7a , we plot the infall rate of the gas versus the enclosed mass for each of the clumps (three for the MMH and one for the LWH). The infall rates are computed as the mass flux through spherical shells and show a steady and near monotonic increase in infall rate as a function of enclosed mass. The infall rate for the LWH is more than a factor of three greater than the three major clumps identified within the MMH. This is likely due to the increased mass, at collapse time, and the higher radial velocity associated with the LWH. The LWH experiences a major merger less than 10 Myr before the end of the simulation that drives gas towards the center thus explaining the increased infall-rates.
Circles in panel (a) mark the infall rate at the clump mass. This is the infall rate that the outer part of the gas clump experiences. The rates onto each clump are very similar with values between 0.01 and 0.1 M yr −1 . These values are consistent with the values obtained for a singular isothermal sphere collapse originally investigated by Shu (1977) 63 . However, it should be noted that this is the infall rate onto the outer gas clump and must be treated as an upper limit when ascribing it to the accretion rate onto a protostar which may subsequently form within the gas clump. Nonetheless, the infall rates are very high and sufficient to drive a protostar towards SMS formation.
In panel (b) we plot the infall time against enclosed mass, which is calculated as the ratio of the mass enclosed and infall rate. It can be used to directly compare against star formation timescales. Within an enclosed mass of 100 M the timescale for each clump is approximately 10 kyr. The Kelvin-Helmholtz timescale for massive stars (M 100 M ) is less than 100 kyr. The stars that form within these gas clumps will therefore reach the main sequence while still accreting as is the case in SMS formation. Given the timescales shown here, the infall rates suggest that the (super)massive Fig. 4d , the self-gravitating clumps are growing through radial infall. a, The infall rates are computed as the mass flux through spherical shells, showing a steadily increasing rate with enclosed mass. The rate in the single clump of the LWH (dotted purple line) is more than a factor three greater than the three major clumps in the MMH. The circles mark the infall rate at the clump mass. b, The infall time, the ratio of the mass enclosed and infall rate, is an informative scale that can be used to compare against star formation timescales. This timescale is constant and approximately 10,000 years within 100 solar masses for all clumps and rises to ∼100,000 years for the entire clump, marked by the circles. This rapid infall suggests that sufficient mass will collapse into supermassive protostar before it reaches main sequence.
protostars will reach masses of at least 100 M before reaching the main sequence 64 . If the accretion onto the clump continues to remain rapid at that point, full gravitational contraction will be avoided (so-called "hot accretion" flows), and the stellar envelope will remain bloated, leading to SMS formation in this context 5, 9, 65, 66 . After its formation, SMS lifetimes are around 1 Myr, suggesting that the whole gas cloud could be accreted before the star exhausts its hydrogen supply. SMSs with accretion rates below 0.1 solar masses per year experience a general relativistic instability, creating a massive black hole with a mass similar to its progenitor mass, when its nuclear fuel is exhausted. For higher accretion rates, the collapse occurs when the star is still burning hydrogen or helium 10 , producing black holes with masses between 200,000 and 800,000 M . Lastly, there is a peculiar case when the SMS has a mass of around 55,000 M that produces an extremely energetic supernova 67 .
In Extended Data Fig. 8 , we plot the fractional support against collapse, similar to Extended Data Fig. 3 . We do this by again comparing the thermal, turbulent and infall velocities of the clumps. Panel (a) shows the velocities of the clump found for the LWH. Panels (b), (c), and (d) show the clump velocities of each of the three clumps found for the MMH. We find that in all cases the clumps are thermally supported and stable against further gravitational collapse. The radial inflows are subsonic for all four clumps, however the clump in the LWH contains transonic flows between 100 M and 1000 M . We also note that the thermal pressure support is strongly dominant over turbulent pressure support in all four clumps. This is in contrast to the Jeans-unstable parent cloud where the turbulent pressures were dominant.
Estimating the number density of SMS/DCBH formation sites. We estimate the comoving number density of DCBH formation sites, n DCBH , through the following expression: n DCBH = n ACH f prim f LW f rapid . Here n ACH = 5.0 ± 0.19 per comoving Mpc 3 is the comoving number density of atomic-cooling haloes at redshift z = 15 (i.e., haloes above the mass threshold where cooling via atomic hydrogen is effective); f prim = 0.015 ± 0.0045 is the fraction of those haloes that are of primordial composition; f LW = 0.1 ± 0.05 is the fraction of the atomic cooling haloes that are in regions where J 21 ≥ 3 (i.e., the fraction of the simulation volume above that flux threshold); and f rapid = 0.20 ± 0.14 is the fraction of the primordial atomic cooling haloes that are growing above the critical threshold where accretion heating is greater than cooling. Based on the quantities found in the rare-peak region of our simulation, we estimated these values and their variance, which are given in the main article. We then perform a Monte Carlo sampling of the parameter space. Extended Data Fig. 9 shows the cumulative probability of the expected DCBH number density in different large-scale environments. They steeply decrease above 10 −3 , 10 −6 , and 10 −9 DCBHs per comoving cubic megaparsec in the rare-peak, normal, and void regions of the Renaissance simulations. The rare-peak has a median value of n DCBH = 1.1 × 10 −3 haloes/cMpc 3 , a 68% confidence interval of 1.9 × 10 −4 − 2.8 × 10 −3 haloes/cMpc 3 , and a 95% confidence interval of 0 − 5.2 × 10 −3 haloes/cMpc 3 in the rare-peak region, where "cMpc" denotes comoving Mpc.
We note that the values described above represent the rare-peak region only. When the same quantities are extracted from the normal and void simulation regions at z = 15, the median number density of DCBH haloes is expected to be ∼ 10 −7 haloes/cMpc 3 and 0 haloes/cMpc 3 , respectively, due to both the lack of atomic cooling haloes of primordial composition and a lack of atomic cooling haloes that rapidly grow. The rare-peak region has a volume of 133.6 cMpc 3 (equivalent to a sphere of approximately 2.25 h −1 cMpc in radius) and an average density of 1.65 times the cosmic mean. At z = 15, regions of that size and overdensity are expected to be found in approximately 10 −4 − 10 −3 of the volume of the universe, implying that a more realistic estimate of the global number density of DCBH candidates forming through this mechanism is in the range of 10 −7 − 10
haloes/cMpc 3 , consistent with our estimate in the normal region. This estimate is nonetheless approximately 100-1000 times greater than the observed z ∼ 6 quasar number density 27 . Our results suggest that faint quasars at these high redshifts should be strongly clustered and associated with galaxy overdensities 68 , providing an observational test of our proposed seeding mechanism. Furthermore, we find that DCBHs forming in this sce- The cumulative probability of the halo comoving number density that potentially host supermassive star formation shown for the rare-peak (red solid line), normal (blue dashed), and void (black dash-dotted) regions of the Renaissance Simulations. Their respective median number densities are 1.1 × 10 −3 , ∼ 10 −7 , and 0 per comoving cubic megaparsec. Subsequent direct collapse black hole formation are most likely to occur in overdense regions of the early universe, whereas little to no will form in average and underdense regions.
nario have the same number density as the observed number density 69, 70 of present-day SMBHs above 10 8 M . This abundance matching intriguingly suggests that such central black holes in most elliptical galaxies have a common origin beginning their lives as SMSs.
The fraction of rapidly growing atomic cooling haloes. We compute an additional check on the fraction of rapidly growing haloes with semianalytical galaxy formation code GALACTICUS 71 . Most of the rare-peak region collapses into a halo with a total mass 8.5 × 10 11 M at z = 5. We calculate 50 merger trees of equivalent z = 5 haloes that follow progenitor haloes as small as 3 × 10 5 M . Each merger tree has approximately 40,000 progenitor haloes at z = 15, totaling 2 million progenitors in all of the calculated merger trees at this epoch. We find that 3 × 10 −4 of haloes around the atomic cooling threshold, M halo = (3 − 6) × 10 7 M , grow more than a factor of six between redshifts 16 and 15 (∼20 Myr). By using the halo descendant at a much later time, we can incorporate the effects of being in an overdense environment that leads to higher halo mass growth rates. This leads to a more accurate estimate when compared to randomly sampling atomic cooling haloes at z = 15 whose merger trees would be unlikely to be representative of our target haloes.
The metal-free haloes found in the Renaissance Simulations. We searched and have reported on the final output at z = 15 of the rare-peak region in the Renaissance simulation that satisfied the following criteria: (1) an atomic cooling halo (M halo ≥ 4.9 × 10 7 M at z = 15), (2) only contains high-resolution dark matter particles, (3) does not support metal or dust radiative cooling (Z < 10 −6 Z ), and (4) no prior star formation. We consider the last criterion because some Pop III stars directly collapse into a stellar-mass black hole, producing no metals 72, 73 ; however because we randomly sample from an initial mass function, it is just as likely that the same Pop III star particle in question could have chemically enriched its host halo. Out of 670 atomic cooling haloes, ten haloes fit these conditions with their details shown in Extended Data Table 1 . We also searched the "normal" and "void" regions and found no haloes matching the same criteria at z = 15. This suggests that SMS formation through this channel is much more likely in overdense regions of the early universe. This crowded high-redshift environment lends itself to high LW radiation field from more nearby galaxies and haloes with very high growth rates, existing in a medium with a higher average mass density. This null detection agrees with our statistical expectations discussed earlier.
We have focused on the most massive and most irradiated haloes in the main article, but from the other eight haloes, we can gain insight on their variations. Eight of ten haloes experienced growth rate greater than for molecular hydrogen cooling to one supporting atomic cooling in less than a dynamical time (∼20 Myr). With the exception of one halo, they have a galaxy with a stellar mass over 10 6 M within 40 proper kpc. Stars in nearby galaxies create a boosted LW radiation field above 0.5J 21 . Inspecting the central temperatures, we see that there are six cool core (T < 5000 K) haloes that have efficient H 2 cooling, whereas the other four haloes still have warm cores. For various reasons, such as the LW radiation field and the degree of turbulence in the core 46 , the warm core haloes have their cooling suppressed at the simulation's final redshift. However, this state is temporary, and the system will cool within a timescale defined by the ratio of the H 2 fraction and its formation rate as the haloes continue to grow 46 . The higher core pressure limits the gravitational collapse, resulting in lower infall rates (< 0.1 M yr −1 ) when compared to the cool core haloes. The infall rates in our SMS candidate list do not follow the usual thermal accretion rate (c 3 s /G) because they systems have lost their thermal support in a short timescale relative to the free-fall time. Thus, they are experiencing their initial catastrophic collapse. Although SMS models have shown that a critical infall rate of 0.04 M yr −1 is required, we include these warm core haloes in our candidate list because molecular cooling and thus a further and more rapid collapse is inevitable 74 . The halo with the highest infall rate (∼ 1 M yr −1 ) is an interesting case because it exists the farthest (124 proper kpc) from a galaxy and thus has the lowest J LW value in this sample. This halo also experiences the most rapid growth rate, which we attribute to it not collapsing earlier before it reaches the atomic cooling limit. We also note here that the accretion rates given are for a single snapshot, and the average accretion rate will vary as such haloes undergo quiescent and intensive periods of cosmological accretion.
Data Availability. The numerical experiments presented in this work were run with a hybrid OpenMP+MPI fork of the ENZO code available from https://bitbucket.org/jwise77/openmp, using the changeset bcb436949d16. The data are publicly available from the Renaissance Simulation Laboratory at http://girder.rensimlab.xyz.
